We measure and simulate numerically the Hanle effect and non-zero field level crossing signals in 85 Rb and 87 Rb atoms in a magnetic field at room temperature. Diode laser radiation from 4 mW cm −2 to 3.3 W cm −2 tuned to the D 2 absorption line of each isotope excites atoms into all the excited-state hyperfine levels simultaneously inside the unresolved Doppler profile. Polarization fluorescence detection is used to observe dark and bright resonances, as well as non-zero field level crossing resonances, for several excitation lines. A broad spectral line excitation model is applied to analyse the measured signals. The non-linear Zeeman effect is included in the model for both ground and excited states. Although the applied magnetic field does not exceed 80 G, several hyperfine levels of the excited state show a substantial deviation from the linear Zeeman effect.
Introduction
The Hanle effect was first presented by Hanle in Zeitschrift für Physik in 1924 [1] . During the following years, efforts to provide a consistent interpretation of the effect played an important role in the development of quantum theory. The essence of the Hanle effect is the creation of low frequency coherences between Zeeman magnetic sublevels of an atomic state and the destruction of these coherences by the lifting of the sublevel degeneracy by an applied magnetic field (see for example [2] ).
In an atom, the fine or hyperfine levels may be split into Zeeman sublevels by an external magnetic field. A Zeeman sublevel whose energy decreases with increasing external magnetic field may cross at a particular value of magnetic field with another magnetic sublevel whose energy increases with increasing magnetic field but starts from a lower-lying (hyper)fine level (figures 1(a) and (b)). We refer to these cases as non-zero field level crossings. If atoms are excited coherently at fields corresponding to these crossing points, one can observe subDoppler changes of the absorption and fluorescence intensity. A theory of level crossing signals was first presented by Breit in 1936 [3] , but the first experimental measurements came in 1959 with the high precision measurement of the fine structure splitting between the 2 3 P 1 and 2 3 P 2 states in helium [4] . A theoretical treatment of this experiment was presented later by Franken [5] . For decades, subsequent experiments used the Hanle effect to make precise measurements of the lifetimes of excited atomic states. Its extension to non-zero fields, or the level crossing technique, has allowed precise sub-Doppler measurements of fine and hyperfine constants in atoms [6] .
These initial experiments using the Hanle effect only considered coherences in the excited atomic state. If the excitation is strong enough, for example if intense laser radiation is applied, coherences are also created between magnetic sublevels of the ground atomic state. An interesting effect associated with ground-state low frequency coherences is coherent population trapping, first explored by driving sodium atoms with a laser field in 1976 [7] . In coherent population trapping, destructive quantum interference between different excitation pathways traps a substantial part of the population in a coherent superposition of ground-state sublevels, i.e. dark states. Thus, coherent population trapping is associated with dark resonances, a situation in which laser light absorption and fluorescence decreases while the intensity of the transmitted light increases. This decrease in absorption and fluorescence can be quenched by applying an external magnetic field perpendicular to the light polarization. This field destroys the coherence between ground-state sublevels and returns the trapped atomic population into absorbing states. A review of applications of coherent population trapping and dark resonances in laser spectroscopy appears in [8] .
The opposite effect, in which ground-state coherences created by a laser field increase laser absorption and atom fluorescence has recently been observed [9] and analysed [10, 11] . Coherences in atomic ground states have also been shown to lead to lasing without inversion [12] , new methods for magnetometry [13] , laser cooling [14] , electromagnetically induced transparency [15] , and possible coherent information storage using halted light pulses [16, 17] . These results have been matched with detailed theoretical studies, including both open systems [18] and systems with losses [19] . In this context, the ground-state Hanle effect is attracting considerable interest and intensive study [10, 11, 20, 21] . In the present work, we study experimentally and model the polarization of the laserinduced fluorescence of Rb atoms excited by intense (up to 3 W cm −2 ) laser radiation. We examine two spectrally resolved ground-state hyperfine components of D 2 transitions for both stable Rb isotopes. For 85 Rb, the laser is tuned to the F g = 2 → F e = {1, 2, 3} and F g = 3 → F e = {2, 3, 4} absorption transitions. In 85 Rb these components are separated by 3.036 GHz (figure 2). For 87 Rb, the respective transitions, separated by 6.835 GHz are F g = 1 → F e = {0, 1, 2} and F g = 2 → F e = {1, 2, 3} (figure 3). A Rb vapour containing both isotopes at room temperature gives a Doppler line width of approximately 500 MHz. Absorption lines from each ground-state hyperfine level are separated by several gigahertz and are therefore easily resolved. The excited-state hyperfine splittings are less than 500 MHz and therefore all allowed hyperfine levels are excited simultaneously within the Doppler line width. For all transitions, the zero field (Hanle effect) as well as non-zero field level crossing signals are observed. For different transitions dark, or just the opposite-bright, resonances in the vicinity of zero magnetic field are observed and interpreted in terms of our model.
Experimental details
A 10 cm long and 2 cm diameter glass cell containing vapour of a natural abundance of Rb isotopes without buffer gas is placed in the central region of four pairs of Helmholtz coils. The coils zero the components of stray magnetic fields along three orthogonal axes and supply an additional bias magnetic field. Laser radiation is directed through the cell, with both the laser polarization and the beam direction orthogonal to the applied magnetic field (figure 4). The laser radiation is produced in an extended-cavity diode laser, passing through a tapered amplifier. The strongly elliptical output is rounded using cylindrical lenses. In order to obtain high intensities, the beam is telescoped down to a 1.6 mm (measured at 1/e 2 intensity level) beam diameter. A retarding λ/2 plate adjusts laser polarization. Laser beam power is 75 mW before the cell, and neutral density filters of optical density 0.08-3.0 are used for beam attenuation, resulting in laser radiation intensity in the range of 4-3300 mW cm −2 . The diode laser line width is measured with a Fabry-Pérot etalon and found to be 5-10 MHz. By comparing sub-Doppler signals in saturated absorption spectra, we find that the tapered amplifier doubles the laser line width.
Fluorescence from a 1 cm long region of the Rb cell is observed in the direction along the magnetic field (figure 4). The distance between the fluorescence region and the detector is 15 cm, and no collection lenses are used. A polarizing beam splitter cube splits the fluorescence into two components: one parallel (I ) and one perpendicular (I ⊥ ) to the excitation laser polarization. Two photodiodes, each with an active area of 9 mm 2 , collect the split fluorescence, which is amplified and subtracted. The subtracted signal is again amplified and acquired by a PC. The magnetic field is repetitively scanned (T = 5 s) and 32 fluorescence polarization signals are averaged. The laser wavelength is locked to the maximum of the Doppler profile using a separate Rb vapour cell employing a dichroic vapour lock technique [22] .
A magnetic field of up to 80 G is produced in the centre of the Helmholtz coils. Each 15 cm diameter coil has 60 turns of approximately 3 mm diameter magnet wire. A 20 A, 15 V power supply is scanned from 0.3 to 18.8 A. Offset coils are installed in the main coils allowing magnetic field scans through the 0 G region. (Each offset coil has 10 turns and is run at a constant current of 3 A.) Earth and stray magnetic fields in directions orthogonal to the main field are controlled to within ±0.1 G, as measured by a Hall magnetometer.
The measured difference signals for 4, 350, and 3300 mW cm −2 are presented in figures 5 and 6 (curves (b)). These three signals for each transition and each isotope demonstrate the general dependence of the observed signals on the laser intensity. In addition to the Hanle signal in the vicinity of zero magnetic field, there are additional resonances at higher magnetic field values. These are attributed to non-zero field level crossings. The Hanle signal width and structure depend strongly on the particular transition. The absorption excitation signals from the lower hyperfine levels are much broader than signals registered from the upper hyperfine component. For the absorption curve from the lower hyperfine level in 85 Rb, a dip very close to zero magnetic field can be seen. Such a dip is not present in the 87 Rb spectra. In absorption from the upper ground-state hyperfine components, the Hanle signals are substantially narrower. In some cases (e.g. 87 Rb, figure 6 case 4), a clearly pronounced high contrast peak in the vicinity of zero magnetic field is observed. Non-zero field level crossing signals in all cases have more or less the same width, but their relative size in comparison to the zero-field Hanle signal decreases with increasing laser light intensity.
Model
The most detailed description of an interaction of coherent laser radiation with gaseous atoms can be achieved with the help of the optical Bloch equations [8] . However, in our experiment the excitation laser line width after tapered amplifier (∝10-20 MHz) is larger than the natural line width of the absorption transition (6 MHz) which means that in this particular case we have a broad-band laser with relatively poor coherence properties [23] [24] [25] . Thus we initially use a broad-line excitation model to treat the problem [26, 27] . Although this approach was initially developed for a weak radiation case [26] and does not account for optical coherences created by the laser radiation in an atomic ensemble, it is more simple than an approach based on optical Bloch equations and in many cases it obtains a satisfactory description of multi-mode laser light interaction with gases. Recently, it was applied successfully to Rb and Cs atoms [11, 21] excited with spectrally broad radiation from diode lasers. In the case of molecules, it is used extensively [27, [33] [34] [35] , even in the case of a rather intense laser field when lasers operate in a multimode regime.
The equations presented below describe atom interactions with laser radiation in the broad spectral line approximation. The equations of motion for the density matrix in the broad-line limit reaḋ 
where f M e M e and ϕ M g M g are the density matrices of the excited-and ground-state levels respectively. The first term on the right-hand side of equation (1) (2) describe light absorption, the third term the stimulated light emission, and the fourth term the relaxation processes in the ground state of rate γ . The fifth term characterizes the Zeeman interaction, the sixth term represents the repopulation of the initial level by spontaneous transitions at a rate
, and the seventh term the relaxation of the density matrix of the ground-state atoms interacting with the gas in the cell at a rate λ. Under conditions of stationary excitation, the system of equations (1) and (2) becomes a system of linear equations for the ground-and excited-state density matrix elements.
The matrix elements of the type M e |E d|M g can be calculated using standard angular momentum algebra [27] [28] [29] . In general, the ground-state relaxation rate γ includes atomatom collisions, collisions with the walls, and fly-through relaxation (relaxation due to atoms exiting the beam interaction region). In our particular case, fly-through relaxation was the main relaxation mechanism. All atoms exiting the probe region with a coherence in the ground state are replaced by atoms that have not interacted with radiation. The fly-through relaxation rate for Rb at room temperature and a laser beam diameter of several millimetres is approximately 0.2 × 10 6 s −1 . Rb atom concentration at room temperature is approximately 7 × 10 9 atoms cm −3 [30] which makes collisional relaxation and radiation reabsorption negligible. The fly-through relaxation rate is small compared to the rate of spontaneous emission. Nevertheless, it must be included in the excited-state relaxation rate = F e F g + γ to conserve the total number of atoms cycling between the ground and excited states. The relative probabilities of optical transitions between hyperfine sublevels are given by [31] :
In a sufficiently strong external magnetic field, the ground-and excited-state levels χ g and χ e are not characterized by total angular momentum quantum numbers F g and F e , but are instead mixtures of these states,
Here, the expansion coefficients C The contribution of the fluorescence signal from each allowed hyperfine transition is calculated according to [27] :
where E is the polarization of the observed light, and I o is an experiment-dependent coefficient. Allowing for mixing of the hyperfine states and summing over all transitions we find the experimentally observed polarization-dependent fluorescence to be [32] , 
Our analysis is not sensitive to I o since only normalized spectra are considered. Finally, we assume that transition probabilities are not substantially affected by the level mixing in a magnetic field. The numerical simulation of equations (1) and (2) for the model described above is very cumbersome for arbitrary magnetic fields. Next, we break the model into two parts: a weak magnetic field model to analyse the Hanle signals as the magnetic field approaches zero and a strong magnetic field model to find the exact positions of expected non-zero field level crossing resonances.
Zeeman effect

Weak magnetic field model
In a weak magnetic field, which will be used to describe the Hanle effect at fields 10 G, the magnetic level splitting is small in comparison with the hyperfine splitting (figure 1). We assume that the hyperfine level mixing described by equation (4) is negligible and F is still a good quantum number (i.e. C χ F = δ χ F ). However, we still incorporate the non-linear Zeeman effect for the calculation of energies. For some magnetic sublevels, for example F e = 2 in 85 Rb, this non-linearity can be considerable even for magnetic field strengths of 10 G (see figure 1(a) ). We also assume, because the hyperfine splittings of the excited-and groundstate levels (see figures 2 and 3) are substantially larger than the laser line width and the homogeneous line width of the absorbing transition, that each hyperfine transition is excited independently. In other words, it is assumed that different F g ↔ F e transitions are not coupled by the laser field. For a given laser frequency, each F g ↔ F e transition is associated with a different velocity class.
With these assumptions, the excited-state density matrix elements are obtained as the steady-state solution to equations (1) and (2). After obtaining the excited-state density matrix, the polarization-dependent fluorescence intensity is calculated according to equation (6) , and the simulated I − I ⊥ signals are determined and shown in figures 5 and 6 (curves (c) ). To obtain these curves, p is adjusted for best fit to the data (see section 4). The Hanle resonances we simulate are similar to the ground-state Hanle signals previously studied in molecules [27, [33] [34] [35] . In molecules for open optical pumping cycles, different dark and bright resonances were observed in an external magnetic field and interpreted quantum mechanically. These results were also accurately modelled classically, since the angular momentum quantum number easily reached values of the order of 100.
Strong magnetic field model
As the magnetic field strength increases, we must include the mixing of hyperfine states given in equation (4) . Additionally, for the coherently excited non-zero field level crossings, we cannot assume that different χ e ↔ χ g transitions are excited independently. For these field values we must take into account simultaneous coherent excitation of magnetic sublevels initially belonging to different hyperfine levels of the excited-state manifold using equation (7). To simplify the task for the case of strong magnetic field, we assume that the laser light does not create coherences in the ground-state χ g . Although this assumption is only approximately true for the magnetic field strengths under consideration, it allows us to find the exact positions and approximate relative amplitudes and line widths for expected non-zero field level crossing resonances. Specifically, the assumption of a non-coherent ground-state population allows us to write the excited-state density matrix as 
Here χ e χ e ω M e M e = ( χ e E M e − χ e E M e )/h is the energy splitting of magnetic sublevels M e and M e belonging to the excited-state levels χ e and χ e . For details of this approach see [32] . The simulated I − I ⊥ fluorescence is obtained by substituting equation (7) into (6), and is shown by curves (a) in figures 5 and 6. The locations of these resonances are determined by the excitedstate magnetic sublevel crossing points (circles in figures 1(a) and (b) ). The ground-state magnetic sublevels belonging to different hyperfine levels do not undergo crossings.
Results and analysis
The experimental results are given by curves (b) in figures 5 and 6. For both isotopes, signals from the lower ground-state hyperfine level are broader than the signals from the upper groundstate hyperfine level. For atoms in the lower hyperfine level of the ground state, only the transition to the F e = F g − 1 state is a closed or cycling transition. For the other two transitions, atoms are quickly optically pumped into the other hyperfine level and no longer participate in the absorption-fluorescence process. Since the F e = F g − 1 transition occurs with significantly less loss, we expect that the fluorescence from it will dominate the observed averaged fluorescence intensity. Dark resonances are expected to occur in this transition [8] , thus the fluorescence intensity should increase when the magnetic field destroys the dark state. We clearly see this behaviour in the case of 85 Rb F g = 2 (figure 5), though it is less pronounced in the experiment than in the simulated signal. We believe the experimental resonance is degraded by averaging over many magnetic field scans. (The reproduction accuracy of the magnetic field is ±0.5 G.) For 87 Rb F g = 1 no dark resonance is observed ( figure 6 ) because the closed transition excites to F e = F g − 1 = 0. The F e = 0 excited level is spherically symmetric and radiates both polarizations isotropically, and therefore does not contribute to the I − I ⊥ signal.
For transitions that start from the upper ground-state hyperfine level, the closed or cycling transition excites to the F e = F g + 1 state. In this case the closed transition exhibits a bright resonance [10, 11, 21] . In figures 5 and 6, case 4, the signal shows the bright resonance at relatively low laser intensity when signals are not substantially power broadened by laser radiation. In the experiment (curve (b)) a narrow feature arises on top of the broad Hanle signal. In cases 5 and 6, the bright resonance broadens, but the signals in the vicinity of zero magnetic field still exhibit structure narrower than the ordinary Hanle signal represented by curve (a).
To analyse non-zero field level crossing signals, we compare experimental signals with simulated excited-state level crossing signals using the strong-field model, represented by curves (a) in figures 5 and 6. The position and width of the non-zero field level crossing signals are represented very well in all cases. The amplitudes of these features are in qualitative agreement with experiment at low laser intensity. However, as the laser intensity increases, the resonances disappear from the experimental data but remain constant in the model. The model fails here because it neglects ground-state coherences. In the absence of these coherences, the hyperfine population distribution of the ground state is not affected by the intensity of the laser radiation. However, at the non-zero magnetic fields where the crossings take place, the hyperfine level mixing destroys the pure cycling (closed) transition. Therefore, other hyperfine states are admixed to the excited-state level initially belonging to the cycling transition, and both ground-state hyperfine levels access all excited states. Increasing laser intensity enhances this effect because it makes optical pumping more effective.
We now discuss the absorption rate p values used to fit experimental signals with simulated curves. The laser intensity in the experiment varied from 4 mW cm −2 up to 3300 mW cm −2 . For a laser intensity of 4 mW cm −2 , p = 38 × 10 6 s −1 provides the best fit to the experimental data and corresponds well to the estimate made from the following simple model: if we assume that the cycling transition rate p coincides with the spontaneous transition rate , the following relation between the respective Einstein coefficients exists:
where u is the spectral density of the radiation (erg (cm 3 Hz) −1 ). Using the relationship between the spectral intensity and density, d I /dν = uc (W (Hz cm 2 ) −1 ), and the relation between Einstein coefficients we obtain,
Given that the natural (homogeneous) line width of the absorbing line at the half-maximum is ν = /2π, we calculate the saturation intensity (the laser intensity that drives stimulated emission at the same rate as spontaneous emission),
Assuming the spontaneous emission rate for Rb is = 38 × 10 6 s −1 , I sat is approximately 3 mW cm −2 . If the laser line width is much broader than the homogeneous absorption line width, then the laser intensity needed for saturation is d I /dν = 8πhν 3 /c 2 times the laser line width f . Numerical estimates show that in the intermediate case relevant here, the laser line width being slightly broader than the natural line width, I sat is approximately 4 mW cm −2 . Thus, the saturation condition p / ∝ 1 holds, even for the lowest laser intensity considered in the experiment.
In fitting the model to the experimental data as shown in figures 5 and 6, we find that the effective p increases more slowly than linearly with increasing peak laser intensity. This effect may be understood by considering the Gaussian wings of both the spatial distribution of the laser and the velocity distribution of the ensemble of atoms.
Summary
We have experimentally as well as theoretically studied bright and dark resonances in the Hanle effect as well as non-zero field level crossing resonances in both Rb isotopes for a broad range of laser intensities. The observed signals in the polarization of the laser-induced fluorescence have been modelled using a broad excitation line approach, and account has been taken of the non-linear Zeeman effect, optical pumping, ground-state low frequency coherences at low magnetic field, and magnetic field mixing of hyperfine states at high magnetic field. A model using the optical Bloch equations to take into account optical coherences may be developed in the future.
